Abstract The electron paramagnetic resonance (EPR) spectrum from the 3+ cluster in several highpotential iron-sulfur proteins (HiPIPs) is complex: it is not the pattern of a single, isolated S=1/2 system. Multifrequency EPR from 9 to 130 GHz reveals that the apparent peak positions (g values) are frequency-independent: the spectrum is dominated by the Zeeman interaction plus g-strain broadening. The spectra taken at frequencies above the X-band are increasingly sensitive to rapid-passage effects; therefore, the X-band data, which are slightly additionally broadened by dipolar interaction, were used for quantitative spectral analysis.
Introduction
The paramagnetic metal ions in biological and synthetic iron-sulfur clusters interact through the bonds of their bridging sulfur atoms and possibly also directly through space, and this results in an integral electronic structure with associated cluster magnetism. Magnetic spectroscopies are used extensively to monitor iron-sulfur clusters as a function of their biological structure and mechanism of action; however, cluster magnetism is complex and only partially understood, especially for the larger clusters.
For the paramagnetism of the reduced dinuclear cluster 1+ in proteins the dominant interaction is strong antiferromagnetic superexchange coupling between the irons. This results in spin ladders with low-spin ground states observed in electron paramagnetic resonance (EPR) spectroscopy, exchange-induced paramagnetic shifts in NMR, and localized valence, i.e., cluster reduction leads to an extra electron localized on a specific iron ion (summarized in Ref. [1] ). The paramagnetic NMR shifts have subsequently been related to the localized valencies of the irons (summarized in Ref. [2] ).
Extending the analysis to larger clusters has been found to be nontrivial because there is also the double-exchange interaction associated with a delocalization of the extra charges from reduction over more than one iron [3] . The [4Fe-4S] cores are commonly envisioned as made up of iron pairs dominated by double exchange. For example, the [4Fe-4S] 3+ core in high-potential iron-sulfur proteins (HiPIPs) can be thought of as the combination of a ferric pair (Fe 3+ -Fe 3+ ) and a mixed-valence pair (Fe 2.5+ -Fe 2.5+ ). This model has been used to explain signs of 57 Fe hyperfine couplings observed in low-temperature Mo¨ssbauer spectra [4] [5] [6] .
Theoretically, there are six different ways to take two Fe ions in a [4Fe-4S] cluster to form a mixed-valence pair: there are six valence isomers. Since the surrounding of the cluster in the proteins is asymmetric, the six possibilities should be electronically inequivalent and therefore distinguishable. Paramagnetic shifts in 1 H-NMR data of oxidized HiPIPs provide a clear indication for the occurrence at room temperature of more than one valence isomer. The NMR experiment defines a fast-exchange situation, and it has therefore been interpreted in terms of the average of (at least) two valence isomers [2, 7, 8] .
Multiple signals of [4Fe-4S] 3+ sites have been observed in the low-temperature EPR of c-irradiated single crystals of synthetic model compounds [9, 10] . Apparent multiplicity has also been found in the EPR of HiPIPs [11, 12] ; however, spectral data analysis has been based on ad hoc models for EPR spectral shapes, which lack theoretical foundation [13] [14] [15] . We have systematically reinvestigated the magnetic structure of HiPIP [4Fe-4S] 3+ clusters using multifrequency EPR spectroscopy and quantitative g-strain analysis.
Materials and methods

Proteins
The HiPIPs used in this study were from Ectothiorhodospira vacuolata DSM 2111, ATCC 43036 (heterotypic synonym E. shaposhnicovii) isoprotein I and isoprotein II, Rhodopila globiformis DSM 161, ATCC 35887 (basonym R. globiformis), Rubrivivax gelatinosus DSM 1709, ATCC 17011 (basonym Rhodocyclus gelatinosus, also basonym Rhodopseudomonas gelatinosa), Rhodocyclus tenuis DSM 109, ATCC 25093 (basonym Rhodospirillum tenue), Allochromatium vinosum DSM 180, ATCC 17899 (basonym Chromatium vinosum), and Halorhodospira halophila DSM 244 (basonym E. halophila) isoprotein I. The purification procedures were cited in Ref. [16] , except that for E. halophila [8] .
Spectroscopy
The X-band (9 GHz) EPR was done with a Bruker ER 200 spectrometer. The Q-band (35 GHz) spectrometer was constructed from a Varian E 110 Q-band bridge, a Varian 60 MHz NMR magnet connected to a Varian EPR power supply, a PAR 117 lock-in amplifier and a homebuilt cryo-insert plus modulation unit. The high-Q cylindrical TE011 cavity was constructed from silverplated ''wonderstone'' ceramic (pyrophyllite). The D-band (130 GHz) spectrometer was described previously in Ref. [17] .
Results and discussion
Definition of the basic cluster model
The oxidized cubane cluster in HiPIPs [4Fe-4S] 3+ formally contains three Fe III ferric ions and one Fe II ferrous ion. Each iron ion is in a distorted tetrahedral ligand field of three acid-labile l 3 -S 2À sulfides and one thiolato S 2À from cysteine. Mo¨ssbauer spectroscopy showed that all four irons form an integrated electronic system that behaves as a single paramagnet with a ground-state system spin S=1/2 [4, 6, 18] . This spin is thought to be the result of pairwise electronic exchange interactions between iron ion pairs [4] , where each pair is envisioned as the net result of two opposing interactions, namely, of superexchange, via the bridging sulfides, favoring antiparallel coupling of individual ion spins, and of double-exchange, associated with electron delocalization over the pair, favoring parallel spin coupling [2, 3, 5] The EPR model: restricted g strain EPR spectroscopy, as a direct monitor of valence electrons, might be expected to be particularly suitable for the detection of valence isomer configurations. However, a key difficulty is the proper description of the shape of the inhomogeneously broadened EPR line and of the angular dependency of the associated line width. The statistical g-strain model [15] [16] [17] , which is founded in extensive theoretical and experimental studies in the 1970s and 1980s mainly with reference to EPR spectra of Fe/S proteins, predicts a near Gaussian distribution of g values as a result of microheterogeneity, with an angular dependence of the distribution width described by a symmetrical line-width tensor that is not collinear with the g matrix. In practical terms this means that each independent spectral S=1/2 component is described by (minimally) ten parameters: a relative concentration, three g values, and six g-strain line-width parameters. For a one [4Fe-4S] 3+ cluster containing protein in a single conformation subject to sixfold valence isomerism the g-strain model would require (minimally) 60 independent parameters to be fit.
Obviously, such an analysis could not be meaningfully applied to a HiPIP EPR spectrum, whose shape (see later) is typically that of a near-axial powder pattern plus minor additional peaks in between the main g z and g xy features. In order to keep the problem tractable we propose to use a reduced g-strain model that is suitably simplified for application to HiPIP spectra on two counts:
1. Line-width matrices are initially assumed to be diagonal. This reduces the number of parameters per spectral component by 3. The reduction (initially) eliminates the possibility to simulate spectral asymmetries such as peak skewings. Some justification for this simplification may be found in the observation that HiPIP spectra are nearly axial. The shape of axial spectra appears to be relatively insensitive to nondiagonal g strain [19] . 2. Spectral multiplicity in HiPIP EPR spectra is mainly apparent in the low-field part, the g z area. One must, therefore, concede from the onset of the analysis that the spectral resolution in the high-field part, the g xy area, will be limited in the sense that the fitted g xy area will be predominantly determined by the main valence isomer of the highest concentration, and that for all further isomer contributions added to the overall fit, the perpendicular fit parameters (g x , g y , D xx , D yy , see later) are essentially dummy fit parameters.
The actual procedure was as follows. The experimental spectrum was simulated with an increasing number of S=1/2 spectral components with diagonal gstrain matrices. In a last optimization round off-diagonal g-strain matrix elements were also fit. The final simulation data, as reported in Tables 1 and 2 , were obtained by eliminating all data and/or digits considered to be insignificant, namely, (1) all off-diagonal line-width data, (2) the fourth and higher digit of g x and g y from all but the most intense component, and (3) all spectral components with intensities less than 5% of that of the most intense component. Inclusion of these data would cause a barely detectable improvement of the fit, which was, however, considered insignificant because other parameter settings resulted in similar slight improvements, i.e., these minor improvements were not uniquely determined.
Multifrequency EPR of HiPIPs
The EPR of [2Fe-2S] 1+ in proteins is determined by a combination of interactions independent of the external Table 1 Parameters of different electron paramagnetic resonance simulation models for Allochromatium vinosum high-potential ironsulfur protein (HiPIP) field, B, and interactions linear in B (Zeeman interaction and g-strain). Increasing the microwave frequency and, therefore, the field B makes the interactions linear in B dominant [20] , which is a condition to determine the multiplicity (if any) and stoichiometry of individual components corresponding to the spectrum. The situation for [4Fe-4S] 3+ clusters in HiPIPs is less clear. Not many data taken at frequencies other than the X-band have been published [11] . Also, X-band EPR of HiPIPs typically shows a complexity (see later) not found in the spectra of [2Fe-2S] ferredoxins. In one case, A. vinosum HiPIP in the presence of 0.2 M NaCl, the complexity has been analyzed in terms of a dipolar interaction resulting from dimerization [18] .
We measured the EPR of HiPIPs at 9, 35, and 130 GHz in order to determine the relative contributions of interactions linear in the magnetic field B and independent of B. As an example, we present in Fig. 1 
complex spectrum of all HiPIPs studied (see later). The figure shows an unexpected practical difficulty in these types of experiments. Although the samples used were pure and of high concentration (typically several millimolar), and although the EPR spectra are relatively sharp, the Q-band and especially the D-band spectra suffer from relatively poor signal-to-noise ratios and imperfect baselines. We found that the EPR of these systems can only be obtained over a narrow temperature window. This window shifts to higher T values and reduces in width with increasing frequency. Typical limiting values are approximately 15-30 K in the X-band, 25-35 K the in Q-band, and a few degrees around 35 K in the D-band. Above the higher limit, the spectra broaden by lifetime broadening (T 1 -or spin-lattice relaxation). Below the lower limit, the spectra progressively distort by rapid-passage effects and eventually become undetectable. In the D-band, it was usually not possible to obtain conventional absorption-derivative spectra. The D-band trace of Fig. 1 was initially obtained in dispersion mode, and subsequently filtered and differentiated according to the method in Ref. [21] . vinosum HiPIP. The fitting, with increased complexity, shows that the spectrum consists of (at least) four different components, and these are putatively identified with valence isomers. See the text for details. The fitting parameters for models a-e are given in Table 1 In spite of these unavoidable experimental difficulties, it is clear from Fig. 1 that the positions of all the spectral features are invariant in g space; therefore, they are real g values and are not caused by field-independent interactions such as dipole-dipole interactions between clusters in different molecules. This means that one can use the spectra as a basis for multicomponent analysis to identify multiple valence isomers. The X-band spectra are significantly broader than the higher-frequency spectra, which indicates significant contributions of unresolved B-independent interactions. However, we chose to use the X-band data for our component analyzes because (1) the high-frequency data usually suffer from some distortion from rapid-passage effects, which precludes determination of stoichiometries, and (2) the extra broadening at the X-band is not dominant (no spectral feature is lost) and is essentially isotropic; therefore, it can be easily modeled in the numerical analysis with the single global parameter of residual broadening.
Stepwise g-strain analysis of A. vinosum wild-type HiPIP The X-band EPR spectrum of A. vinosum HiPIP was analyzed under a g-strain model, starting from the simplest possible assumption of a single component of high symmetry, and subsequently stepwise increasing the complexity of the model until a quantitative fit of the data was obtained. That fit provides the minimum hypothesis for the interpretation of the spectrum. The major conclusion is that the experimental spectrum is consistent with the existence of more than two valence isomers.
The procedure is illustrated in Fig. 2 and the fitting parameters are compiled in Table 1 . In the top trace, the experimental spectrum was fitted assuming a single component of axial symmetry (i.e., g x =g y ). This initial fit indicates that there is one major component contributing to the overall spectrum, but that it is not of high symmetry. The next step, trace b, is a fit with a single rhombic spectrum with anisotropic g strain. After optimization, at least three spectral features remain to be accounted for. Also the major ''perpendicular'' feature (the g x g y region) shows a poor fit in terms of the ratio of the positive and negative amplitudes, i.e., the intensity above and below the baseline. Allowing the g strain to be noncolilnear with g (i.e., D ij " 0) gives no significant improvement (not shown). The smallest step of increasing complexity is to assume that the remaining three features are all from one additional rhombic species. The optimized fit is in trace c. Although the overall shape appears to be qualitatively correct, the intensities are consistently wrong at the g z of the second species and also at the trough of the g y feature of the second species.
Further progress required a change of paradigm: what was assumed to be a g y of a second species (i.e., a derivative-shaped feature) is really a g z of a third species (i.e., an absorption-shaped feature). In general, all the features on the low-field side of the main perpendicular feature in this and all other HiPIP spectra (see later) can only be fitted assuming that they are all different g z s. This implies that all spectra consist of three or more components.
The next step was to keep the parameters of the major rhombic component approximately constant and to add two additional components initially assuming axial symmetry. From the fit, trace d, it is concluded that yet one more component must be present. Also a poor fit of the positive/negative intensity of the major perpendicular region persists. The latter was cured by making the first two minor components rhombic with g-strain anisotropy comparable to that of the main component. Then, the third minor component was added and optimized. After a final global optimization, the resulting trace e was obtained with the parameters shown in Table 1. Of course, the overlap in the perpendicular region is considerable, therefore not all the parameters of each individual component were determined. However, a major conclusion can be drawn that the EPR spectrum of A. vinosum HiPIP requires a minimum of four Fig. 3 Optimized simulations of the X-band EPR spectra of HiPIP from (from top to bottom) Rhodopila globiformis, Rubrivivax gelatinosus, Rhodocyclus tenuis, Ectothiorhodospira vacuolata isoprotein I, E. vacuolata isoprotein II, and Halorhodospira halophila isoprotein I. The fitting parameters are compiled in Table 2 . The EPR conditions were as follows: microwave frequency, 9.18 GHz; microwave power, 0.2-0.8 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; temperature 27 K separate components to be fitted. The sums of the squared residuals as a percentage of that for the final fit are 806, 255, 248, 152, and 100% for traces a-e, respectively.
Systematic inventory of HiPIP EPR
The EPR spectra of seven HiPIPs from six microbial sources were analyzed. The final results are compiled in Table 2 and are shown in Fig. 3 . Two HiPIPs have a minor spectral component that is suspect since its g values differ significantly from all other sets found: E. vacuolata isoprotein I (g x =2.01) and R. gelatinosus (g x =1.98). These minor components are possibly from breakdown products.
For some fits a significant noncollinearity of the g strain was required. None of the spectra have the complexity of the A. vinosum wild-type HiPIP EPR; however, all fits are indicative of at least three different components. It appears that the current literature model of HiPIPs as constituted of different valence isomers [2, [7] [8] [9] is consistent with the EPR; it must include more than two isomers to account for the complexity found in the g-strained EPR from the [4Fe-4S] 3+ cluster of any of the seven different HiPIP proteins.
Comparison with previous studies
In an early Mo¨ssbauer study on the [4Fe-4S] 3+ cluster of A. vinosum HiPIP, Dickson et al. [22] found two opposing hyperfine fields in the spectra taken with an applied magnetic field and at a temperature of 4 K, which suggested an inequivalence in the iron ions. The electron-nuclear double resonance measurements by Anderson et al. [23] led to a similar conclusion. In a subsequent attempt at quantitative Mo¨ssbauer spectroscopy, in 1980, Middleton et al. [4] decided to fit their data under the model of two independent components in a one-to-one stoichiometry. This key assumption implies two types of iron ions grouped as pairs, which translates to the reasonable physical picture of an Fe 3+ -Fe 3+ pair and an Fe 3+ -Fe 2+ pair with delocalization of the extra electron over the mixed-valence pair, and with parallel magnetic coupling between irons within a pair and antiparallel coupling between the pairs, resulting in the observed system spin S=1/2.
Antanaitis and Moss [11] were the first, in 1975, to use frequency-dependent EPR for the study of HiPIP. The data on A. vinosum HiPIP taken at 9 and 35 GHz indicated that the peak positions correspond to real g values and that broadening is dominated by g strain, although these conclusions were not drawn at that time. Spectral simulation of signal multiplicity suggested two major and one minor species, which is qualitatively and quantitatively inconsistent with the present analysis. It was later reported by Dunham et al. [18] that A. vinosum HiPIP dimerizes upon freezing in high-salt solution (a typical condition to store HiPIPs), which results in dipolar interaction. Moulis et al. [12] studied the selenium derivative of A. vinosum HiPIP, i.e., containing a [4Fe-4Se] 3+ cluster. Simulation of the spectrum required four rhombic species with respective weights of 65, 18, 10, and 7%. This result is somewhat closer to ours for the native protein (Table 2) ; however, this simulation was not based on a rationalized broadening model. The same ad hoc simulation approach was more recently applied to the EPR of H. halophila HiPIP I [6] , and the result (one major and only one minor component) is qualitatively similar to ours (three components, cf. Table 2) .
Gloux et al. [9] and Le Pape et al. [10] core containing compounds. Site multiplicity was clearly detected and this provided the first instance of a straightforward interpretation of EPR data in terms of different topologies for the mixed-valence pair. Interestingly, five different species were identified for a symmetrical model compound and three different species for an asymmetrical model compound, which appears to be broadly consistent with the contention that in a fully symmetrical [4Fe-4S] 3+ cluster each of the six possible topologies for the mixed-valence pair should be equally likely. Single-crystal EPR has the distinct advantage that knowledge of the complex angular dependence of the line width is not required for the analysis of a singleorientation spectrum. Unfortunately, sensitivity problems have thus far precluded single-crystal EPR studies on HiPIP proteins.
Gloux et al. [9] also discussed the EPR spectrum of A. vinosum HiPIP, and, with reference to unpublished experiments by J. Gaillard, they reached the conclusion that the spectrum is made up of four different components. The interpretation was partially based on different saturation behavior of spectral features. We would like to point out that the theory of g strain implies continuously varying saturation behavior over the powder envelope of a single species [20] ; therefore, differential saturation is not a reliable criterion for deconvolution of these complex spectra.
In 1+ core in c-irradiated model compounds occurs in more than one form [9] .
Relation to average paramagnetic NMR shifts Bertini et al. [7, 8, [25] [26] [27] showed that the model of a single, localized mixed-valence pair was insufficient to explain the complex pattern of temperature-dependent paramagnetic shifts in the resonances from bCH 2 protons in HiPIP. They proposed a minimum model with two topologies for the mixed-valence pair, which was parameterized in terms of the percentage ferric character of a particular iron ion of the cluster (Cys-36 bound Fe in H. halophila HiPIP I [8] ). A plot of averaged hyperfine shift of, e.g., the bCH 2 protons of Cys-36 versus the percentage ferric character was found to be approximately linear. The point of calibration was the shift data from H. halophila HiPIP II. Its [4Fe-4S] 3+ cluster accidentally exists as a singlevalence isomer on the basis of EPR [28] and NMR data [8, 29] .
It is at present not possible to assign a specific EPR subspectrum to a specific geometrical valence isomer. Therefore, it is not obvious how the NMR and EPR data can be compared quantitatively. In the quoted NMR analysis, the percentage ferric character of Cys-36 bound Fe runs from 24% (H. halophila I) to 70% (R. gelatinosus). The EPR intensities reported in Table 2 cannot be grouped in a set that would be quantitatively consistent with the percentage ferric character deduced from NMR. This inconsistency may well reflect different valence isomer distributions at cryogenic (EPR) and ambient (NMR) temperatures. Indeed, inspection of the fractional intensities of the various isomers at low temperature suggests that, at variance with room temperature estimates, one isomer is always largely predominant over the others.
Nevertheless, a qualitative correlation is indicated. The isomer having the mixed-valence pair on the irons bound to cysteines II and III (counting system defined in Ref. [8] ), and assumed to be the only one present in the HiPIP II from H. halophila, could be the one with the highest g z feature (g z =2.145). According to the NMR data, the relative amount of this isomer decreases in the following order: H. halophila II>H. halophila I>R. globiformis>E. vacuolata I>E. vacuolata II>A. vinosum>R. gelatinosus. In the EPR spectra, the isomer with the highest g z value decreases in a similar order, H. halophila II>H. halophila I>R. globiformis>E. vacuolata II>E. vacuolata I%A. vinosum, and is absent in R. gelatinosus. For the isomer with the mixed-valence pair bound to cysteines III and IV [8] , the correlation is less obvious, but this could correspond to the EPR isomer, which is dominant in E. vacuolata I and E. vacuolata II, R. gelatinosus, and R. tenuis. This isomer would be characterized by a g z value of 2.103-2.113.
Concluding remarks
The present work describes quantitative resolution of one major and several minor components in the EPR of several HiPIPs. With reference to previous magnetic spectroscopy studies it is proposed that these components can be reasonably assigned to valence isomers of the cubane.
The biological relevance of multiple valence isomers has not been established. The main biological functions of HiPIPs appear to be electron transfer between membrane-bound respiratory-chain complexes of photosynthetic bacteria ( [30] and references quoted therein), and charge transport for DNA repair ( [31] and references quoted therein). Valence isomers are not commonly found in [4Fe-4S] 1+ ferredoxins. The redox active molecular orbitals of ferredoxins and HiPIPs appear to differ considerably in their ligand character [32] . It is possible that valence isomer multiplicity of HiPIPs is related to the high-potential redox chemistry of the proteins. To our knowledge, no experimental data (e.g., EPR line shape analysis as a function of redox potential) are available yet to test such a hypothesis.
